The primary amino acid sequence of the VP4 proteins of human rotavirus strain AU-1 and feline rotavirus strain FRV-1 was deduced from nucleotide sequence analysis of full-length genome segment 4 cDNAs produced by a combined reverse transcription-polymerase chain reaction. The VP4 genes were 2359 nucleotides in length and contained one long open reading frame capable of encoding a protein of 775 amino acids. Strain AU-1 and FRV-1 VP4s were 98.8% similar at both the nucleotide sequence and amino acid level. Given that most of the genome segments of strains AU-1 and FRV-1 formed hybrids under stringent hybridization conditions, the relationship between their VP4 gene sequences is best explained by feline rotavirus being transmitted to human hosts as whole virions relatively recently. Of added interest is that AU-1 and FRV-1 VP4 both exhibit high degrees of similarity (96.0% nucleotide identity and 97-2 to 97-5 % amino acid identity) with serotype G1 human rotavirus strain K8 VP4, which is distinct from any other sequenced VP4 allele. This suggests that strain K8 VP4 was derived by natural gene reassortment from a feline rotavirus or a strain AU-l-like human rotavirus.
Introduction
Group A rotaviruses, members of the genus Rotavirus in the family Reoviridae, have been recovered from a number of animal species and are implicated as major aetiological agents of severe diarrhoea in infants and young children (Kapikian & Chanock, 1990) . The rotavirus genome consists of 11 dsRNA segments, each of which encodes a distinct viral protein (Estes & Cohen, 1989) . Gene segment 4 encodes the outer capsid spike protein VP4 Mackow et al., 1989) , and gene segment 7, 8 or 9, depending on the strain, encodes glycoprotein VP7, which forms the outer capsid of the virion (Estes & Cohen, 1989; Greenberg et al., 1983; Kalica et al., 1981; Ward et al., 1988) . Both proteins are involved in virus neutralization and segregate independently (Hoshino et al., 1985; . The VP4 protein has also been implicated in other biologically important functions such as virus virulence Flores et al., 1986) , haemagglutination , restriction of the growth of certain rotavirus strains in tissue culture cells (Greenberg et al., The nucleotide sequence data reported in this paper are deposited in the DDJB, EMBL and GenBank nucleotide sequence databases under the accession numbers D10970 (strain AU-I) and D10971 (strain FRV-1).
1983) and in mice , and proteaseenhanced plaque formation .
The presence of multiple alleles of gene segment 4 of human rotaviruses has been shown by RNA-RNA hybridization assays (Flores et al., 1986) and by nucleotide sequence analysis . The alleles include gene segment 4 of viruses derived from children with diarrhoea (strains Wa, P and VA70, representing serotypes G1, G3 and G4, respectively), gene segment 4 of viruses derived from symptomatic serotype G2 infection, and gene segment 4 of viruses derived from asymptomatic newborn infants. Candidates for two additional alleles have been described on the basis of isolates K8 (serotype G1) (Taniguchi et al., 1989) and 69M (serotype G8) (Qian & Green, 1991) , respectively. Furthermore, O. Nakagomi et al. (1989b) have shown by RNA-RNA hybridization assays that gene segment 4 of strain AU-1 is distinct from the three major alleles of human rotavirus strains, and that it is closely related to gene segment 4 of a feline strain, FRV-1, as well as that of other members of the AU-1 genogroup (O. Nakagomi et al., 1989a; . RNA-RNA hybridization assays have not been able to determine the exact degree of similarity between gene segment 4 of strain AU-1 and that of strain FRV-I, so we have sequenced the VP4 0001-0963 © 1992 SGM genes of these strains and compared the deduced amino acid sequences with those of other human and animal rotavirus strains.
Methods
Viruses. Human rotavirus strain AU-1 (serotype G3, subgroup I) was isolated from a stool specimen derived from an infant with diarrhoea in Akita (a city in the northern part of Japan) in 1982 (Nakagomi et al., 1985 Kitaoka et al., 1987) . Feline rotavirus strain FRV-1 (serotype G3, subgroup I) was isolated from a faecal specimen from one of a litter of healthy household kittens in Kagoshima (a city in the southern part of Japan) in 1986 (Mochizuki & Yamakawa, 1987; . In previous studies the identity of each strain has been verified by comparing the RNA electropherotype of the cell culture-adapted strain with that of the original stool isolate.
Human rotavirus strain K8 was derived from a stool sample from a 14-year-old schoolboy who became ill during an outbreak of gastroenteritis in Kitami, Hokkaido, Japan in 1977 (Taniguchi et al., 1989) .
Strains AU° 1 and FRV-1 were grown in MA 104 cells in the presence of 0.5 p-g of trypsin/ml. The infected cell culture harvest was clarified by a low-speed centrifugation and the supernatant was pelleted by two cycles of ultracentrifugation, one at 36000 r.p.m, for 3 h in a Hitachi RP42 rotor and another through a 30% (w/v) sucrose cushion at 38000 r.p.m, for 3 h in a Hitachi RPS40T rotor. The pellet was suspended in an appropriate volume of Tris-HC1 pH 8.0 containing 150 raM-sodium chloride and 5 mM-EDTA. Single-shelled particles were recovered by caesium chloride density equilibrium ultracentrifugation.
Preparation of transcripts from the viral genome.
Single-stranded RNAs (mRNAs) were prepared by in vitro transcription of the genomic dsRNAs with an endogenous (virion-associated) transcriptase in 500 ~tl of 70 mM-Tris-acetate buffer pH 8.0 containing 20 mM-magnesium acetate, 100 mM-sodium acetate, 8 mM-ATP, 2.5 mM-GTP, 2"5 mM-CTP, 2.5 mM-UTP, 0.5 m~,l-S-adenosyl methionine, 0.1% (w/v) bentonite. After 6 h of incubation at 42 °C, ssRNAs were purified by phenol-chloroform extraction and lithium chloride precipitation.
Reverse transcription (RT) and amplification of gene segment 4 by the polymerase chain reaction (PCR)
. Precipitated mRNAs were resuspended for RT in 20 ttl of 50 mM-Tris-HC1 pH 8.3, 50 mM-potassium chloride, 10 mM-magnesium chloride, 3 mM-DTT, 500 p.M each dNTP and I IXM of a oligonucleotide primer (EndG4) containing a conserved sequence complementary to the 3' end of all gene segments 4 sequenced (TAAGGTTATGTATGGTCACATC). The reaction was then carried out at 42 °C for 30 min with 20 units of Rous-associated virus type 2 reverse transcriptase (Takara Shuzo). The cDNA corresponding to the full-length VP4 gene was amplified with Ampli-Taq polymerase (Perkin-Elmer Cetus) in a buffer containing 25 mM-Tris-HCl pH 9.0, 50 mM-potassium chloride, 2 raM-magnesium chloride, 1 mM-DTT, 200 ~tM each dNTP and 0.2 IXM each of primers EndG4 and BegG4. Oligonucleotide primer BegG4 contains a conserved 5'-terminal sequence (TGTATCATACGGCTATAAAATG). The reaction mixture was subjected to 25 cycles of 94 °C for 1 rain, 55 °C for 2 min and 72 °C for 3 min. After amplification, 5 Ixl of each reaction was analysed by agarose gel electrophoresis and the DNA was visualized by ethidium bromide staining and u.v. light.
Nucleotide sequencing. Douhle-stranded DNA fragments generated by PCR were directly sequenced. The PCR product was mixed with 0.6 volumes of a solution consisting of 20% (w/v) polyethylene glycol 6000 and 2-5 M-sodium chloride and incubated for 10 min at 37 °C. The mixture was then centrifuged for 10 min at 15000 g. The pellet was washed with 80% (v/v) ethanol, dried in vacuo and dissolved in distilled water to adjust the DNA concentration to 50 to 100 fmol/~tl.
The primers used for PCR were labelled with [32p]ATP (Amersham) using T4 polynucleotide kinase (Takara Shuzo). A mixture of the template (0.5 to 1-0 pmol) and the labelled primer (2 pmol) in a 4 x sequencing buffer (40 mM-Tris-HC1 pH 8.5, 25 mM-magnesium chloride, 25 ~tM-EDTA, 0.06% v/v Tween 20 and 0.06% v/v NP40) was heated at 95 °C for 3 min and quenched on ice immediately. To this was added 1.25 units of Ampli-Taq, and aliquots of this mixture were transferred into four tubes (labelled A, T, G and C) containing a chain termination mixture which consisted of 30 IxM-dATP, -dTTP and -dCTP, 60 ~tM-7-deaza-2'-dGTP and 1 mM-ddATP (for tube A), 1-2 mMddTTP (T), 180 ttM-ddGTP (G) or 0.5 mM-ddCTP (C). These mixtures were incubated at 72 °C for 10 min, and 10 cycles of 94 °C for 1 rain, 55 °C for 2 min and 72 °C for 3 min. The resulting samples were mixed with a sequencing dye mixture and loaded onto sequencing gels.
Results
Genome segments 4 of strains AU-1 and FRV-1 were determined to be 2359 nucleotides in length and to contain one long open reading frame capable of encoding a protein of 775 amino acids (Fig. 1) . As is the case with the VP4s of most animal rotavirus strains, the predicted strain AU-1 and FRV-1 amino acid sequences contained an insertion of one amino acid (threonine) after amino acid residue 135. Thus, VP8*, which is the proteolytic product of the amino-terminal one-third of VP4, is one amino acid longer than the VP8* fragment of human rotaviruses. However, the VP5* portion (the carboxyterminal two-thirds of VP4) of both strains has a deletion of one amino acid at residue 575; this deletion has been found previously only in VP4 of strain K8 (Taniguchi et al., 1989) . Therefore the length of the VP4 proteins of these two strains was identical to that of human rotavirus VP4.
Four cysteine residues conserved in all rotavirus strain VP4 proteins sequenced (Estes & Cohen, 1989 ) are present at residues 216, 318, 380 and 773 (Fig. 2 ). An additional cysteine at residue 203 which is conserved in the VP4s of most animal rotavirus strains, e.g. SAIl, C486, NCDV, RRV and OSU (Estes & Cohen, 1989) , is not present in AU-1 or FRV-1 VP4. However, another cysteine, at residue 105, is found in the VP4s of strains AU-1 and FRV-1 as well as that of strain K8 (Fig. 2) . Whereas 18 proline residues ( Fig. 2 ) conserved in the VP4s of all strains except bovine rotavirus strain B641 are present in the VP4s of strains AU-1, FRV-1 and K8, none has a proline at residue 76, which is conserved in the VP4s of all strains sequenced (Estes & Cohen, 1989) .
Two arginine residues proposed to be trypsin cleavage sites and located at residues at 241 and 247 are present in the VP4s of strains AU-1 and FRV-1. A comparison of the sequences of the hexapeptide connecting these two arginines is shown in Fig. 3 . Although considerable sequence divergence was observed between strain AU-1 VP4 and other rotavirus strains possessing different gene 4 alleles, strains AU-1, FRV-1 and K8 share a highly conserved sequence. Of interest is the finding that these three strains have a lysine at residue 244 which could serve as a potential trypsin cleavage site. Of the other sequenced strains, only bovine strains UK and B641 have a lysine at this residue (Fig. 3) . (Fig. 4) . Of greater interest is a histidine at residue 394 in strains AU-1, FRV-1 and K8 which is replaced by either tryptophan or tyrosine in all other rotavirus strains sequenced (Fig. 4) Table 1 . The VP4 proteins of strains AU-1 and FRV-1 are 98-8~ identical at both the nucleotide and amino acid sequence levels. There were 25 nucleotide substitutions between gene segment 4 of strain AU-1 and that of strain FRV-1, and five of them resulted in amino acid changes ( Fig. 1  and 2) . A similarly high degree of similarity was found between strain K8 and strain AU-1, and between strains K8 and FRV-1 ( 
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Strain VP4 type Nishikawa & Gorziglia (1989) ; and 69M from Qian & Green (1991) . Arrowheads indicate the arginine residues of the trypsin cleavage sites, the middle arrow referring to the strain UK and B641 major site (Kantharidis et al., 1988) . The numbering of VP4 (P) types is according to Estes & Cohen (1989) and which is claimed to be arbitrary. Fig. 4 . Comparison of amino acid sequences of a region (residues 384 to 404) which contains the putative fusion region (Mackow et al., 1988) . Sources of these sequences are listed in the legend for Fig. 3 . The numbering of VP4 (P) types is according to Estes & Cohen (1989) .
strains share the same VP4 type (P9) specificity. By contrast, both strain AU-1 and strain FRV-1 exhibited much lower similarity (64.3 to 68-9~o at the nucleotide sequence level and 64.4 to 70-1 ~ at the amino acid level) with rotavirus strains representing the other nine distinct VP4 types (Table 1) .
Discussion
Determination of the nucleotide sequence and the deduced amino acid sequence of the VP4 proteins of human rotavirus strain AU-1 and feline rotavirus strain FRV-1 has confirmed and extended our previous observation by RNA-RNA hybridization assays that these two strains carry closely related VP4 genes which are distinct from those of symptomatic human strains or asymptomatic nursery strains (O. Nakagomi et al., 1989 b) . Previous studies have also shown that most of the genome segments of strain AU-1, together with those of a similar isolate, AU228, exhibit high degrees of similarity with those of strain FRV-1 , leading us to speculate that transmission of rotaviruses across a host species barrier might have taken place under natural conditions. The degree of similarity between strain AU-1 and strain FRV-1 VP4 (98.8~ both at the nucleotide and the amino acid sequence level) is one of the highest values obtained for two strains possessing the same VP4 type. For example, symptomatic rotaviruses of serotypes G I, G3 and G4 possess highly related VP4 genes (92-2 to 97~ nucleotide and 93-2 to 96-8~ amino acid sequence identity), and two symptomatic strains of serotype G2 (DS-1 and RV-5) possess VP4 genes showing 98-6~ nucleotide and 98.5~ amino acid sequence identity . In addition, four asymptomatic nursery strains (M37, 1076, McN13 and ST3, representing serotypes G1, G2, G3 and G4, respectively) also possess closely related VP4 genes (95.5 to 97.5~ nucleotide and 95-1 and 97.4~ amino acid sequence identity) . The VP4 proteins of two bovine rotavirus strains, UK and B641, which have been reported to possess the same VP4 (P) type, exhibit 92.2~ identity at the nucleotide sequence level and 93-2~ identity at the amino acid sequence level (Hardy et al., 1991) . Similarly, the VP4 proteins of two porcine rotavirus strains, OSU and YM, which belong to the same VP4 (P) type (Liprandi et al., 1991) , show 97.0~ identity at the amino acid sequence level (Lopez et al., 1991) . With regard to the correlation between VP4 amino acid sequence identity and antigenic relatedness, Gorziglia et al. (1990a) have reported that viruses of the same group that share > 93 ~o amino acid identity exhibit 100K or close to 100 K relatedness as judged by neutralization assays.
Two examples can be used to determine the accumulation of mutations by rotavirus VP4 during multiple passages over time have reported that three divergent strains of NCDV bovine rotaviruses have fewer than six nucleotide differences (99.7 to 99.9~ identity) and fewer than five amino acid changes (99.4 to 99"9~o identity) despite prolonged independent passage. The VP4 proteins of two simian SA11 rotaviruses having different passage histories in independent laboratories exhibit 99.6% identity at the nucleotide sequence level and 99.2% identity at the amino acid level (Mitchell & Both, 1988; . These two examples suggest that the mutation rate of the rotavirus VP4 gene is quite low, at least under laboratory conditions. Similarly, a low mutation rate for the rotavirus VP7 gene has been described by Arias et al. (1986) and Flores et al. (1988) .
When these mutation rates are taken into consideration, the highly related VP4 gene sequence of strains AU-I and FRV-1 is best explained by relatively recent transmission of a feline rotavirus to human hosts as whole virions because most of the genome segments of strain AU-1 exhibit high degrees of similarity with those of strain FRV-1 . Although the derivation of both strain AU-1 and strain FRV-1 (the former from human stool and the latter from cat faeces) is unambiguous Mochizuki & Yamakawa, 1987) , it is possible that the cat from which strain FRV-1 was isolated might have been infected with a human virus similar to strain AU-1. There is a precedent for gene segment 4 from a human rotavirus being similar in structure and sequence to an animal rotavirus VP4. The VP4 protein of human rotavirus 69M contains 776 amino acids and appears to be more related to animal rotavirus VP4s (79-3 to 86-2% amino acid sequence identity) than to those of human rotavirus VP4s (71.8 to 74-59/00 amino acid sequence identity) (Qian & Green, 1991) . However, using these values strain 69M VP4 cannot be placed in any of the identified polymorphic VP4 types and should be classified as a distinct VP4 type (P10). By contrast, porcine rotavirus strain Gottfried VP4 is more similar (87.1 to 88.1~ identity) to those of asymptomatic human rotaviruses than those of other porcine rotavirus strains (Gorziglia et al., 1990b) . Although strain Gottfried VP4 has been classified into serotype P6 together with those of asymptomatic nursery strains (Estes & Cohen, 1989) , it has been hypothesized that strain Gottfried and asymptomatic human strains might have diverged from a common ancestor (Gorziglia et al., 1990b) , rather than there having been recent interspecies genetic reassortment.
This study revealed unexpected similarity between the VP4s of strains AU-I and FRV-1 and that of human rotavirus strain K8, which has been shown to be distinct from the VP4s of other human and animal rotavirus strains (Taniguchi et al., 1989) . The degree of similarity indicates that these three strains can be grouped together as having VP4 of serotype P9 (Estes & Cohen, 1989) , VP4 serotype 3 (Gorziglia et aL, 1990a) or type P4 (Kobayashi et al., 1991) . Previous studies using monoclonal antibodies have shown that only strain K8 contains VP4 of the P4 type (Kobayashi et al., 1991) . Although confirmation of the antigenic relatedness of these strains awaits the results of serological assays, it warrants mention that a histidine is conserved at residue 394 in strains AU-1, FRV-1 and K8 only, and that this site is critical to the recognition by a monoclonal antibody (K8-2C 12) which specifically neutralizes strain K8 (Kobayashi et al., 1991) . In addition, strains AU-1, FRV-1 and K8 have the same amino acid at residues 306, 393 and 440. Amino acid changes at these residues have been shown previously to explain the lack of reactivity of strain K8 with anti-VP4 cross-reactive monoclonal antibodies (Taniguchi et al., 1989) . Given that several genome segments of strain K8 hybridize with the corresponding genes of strain AU-1 and other genome segments do so with those of Wa (Nakagomi et al., 1992) , strain K8 is likely to have acquired its VP4 gene by natural genetic reassortment with a feline rotavirus or a strain AU-l-like human rotavirus.
